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Molecular Imprinting of Synthetic 
Network Polymers: 

The De Novo Synthesis of Macromolecular Binding and Catalytic 

Sites 

Kenneth J. Shea 


A technique for the creation of macromolecular binding 
sites for small organic molecules is described. The sites 
are created by molecular imprinting, a process that util¬ 
izes a template or imprinting molecule to organize polym¬ 
erizable monomers prior to their copolymerization with 
crosslinking monomers. The resulting network polymers 
are highly crosslinked macroporous materials. Follow¬ 
ing removal of the imprinting molecule, the solid poly¬ 
mers are found to rebind selectively the imprinting mol¬ 
ecule. These macromolecular binding sites are being 
developed as diagnostics for drug assays, as microreac¬ 
torsfor stereoselective chemical transformations, as cus¬ 
tom chromatographic supports and as designed catalysts. 
In selected examples, the binding and catalytic efficiency 
approaches that of protein-based biological receptors 
and catalysts. 


Molecular recognition is achieved by collective weak 
intermolecular forces that act over complementary sur¬ 
faces of the host and guest. Some of the most exquisite 
examples of this phenomenon are found in biological sys¬ 
tems. The design of binding sites that mimic the speci¬ 
ficity of biological macromolecules remains an important 
challenge to chemists. A synthetic binding site should 
possess a three-dimensional scaffolding that creates a 
binding pocket (surface) as well as providing a frame¬ 
work for positioning functional groups for tuning speci¬ 
ficity or catalytic activity. 

It is convenient to group synthetic receptors somewhat 
arbitrarily into 'small-molecule' and ‘macromolecular’ 


categories. The design of small-molecule receptors has 
been an extremely fruitful area of research, with 
examples that utilize cyclodextrins 1 , inclusion com¬ 
plexes 2 crown ethers and cryptands 3 , molecular clefts 4 , 
and supramolecular assemblies 5 - 4 to provide a three- 
dimensional cavity for the guest molecule. 

The problems confronting the design of macromolecu¬ 
lar receptors are of a different nature. The functional 
properties of biological macromolecuies (proteins, for 
example) arise from their three-dimensional structures. 

Their structures, in turn, are derived from particular 
sequences of amino acids in polypeptide chains that, as a 
result of folding, impart domains with specific three- 
dimensional structures (Fig. 1). 

The prediction of three-dimensional protein structure 
from the primary amino acid Sequence is not a solved 
problem. Therefore, the design of functional peptides by 
this strategy is still a major challenge in molecular biology 
and has only recently yielded encouraging results 7 8 . 

Interestingly, for some applications, the need for 
designed proteins may be circumvented by the use of anti¬ 
body technology for the synthesis of protein-based bind¬ 
ing and catalytic sites 9 . Unfortunately, the biological 
apparatus that is exploited for the synthesis of antibodies 
is not general and cannot be used for the synthesis of non- 
protein binding sites. 

Molecular imprinting provides a- quite different 
approach for the de novo construction of macromolecu¬ 
lar binding and catalytic sites. The origins may be traced 
to an early notion by Pauling regarding the workings of 
the immune system. He speculated that biological 
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template 10 . Although subsequent developments have shown 
that this mechanism is not responsible for the selection of 
antibodies, the plausibility of the imprinting concept was 
explored experimentally by Dickey and Curti who 
attempted to create shape selective sites in silica gel by 
the precipitation of sodium silicate in the presence of 
organic dyes 11 ' 13 . The resulting precipitated silicates 
exhibited a slight affinity or ‘memory’ for the imprinting 
organic dye. 

This initial work remained a curiosity until 1972 when 
Wulff and Saihan demonstrated that a highly crosslinked 
organic network polymermay serve as the scaffolding for 
the imprinting technique 14 . The basic approach of mol¬ 
ecular imprinting is illustrated in Fig. 2. A template or 
imprinting molecule is used to organize polymerizable 
functional monomers prior to their incorporation into a 
network copolymer. The polymerization reaction mixture 
usually consists of a template (T) and associated func¬ 
tional monomers together with a large excess of 
crosslinking monomer. An equal volume of inert solvent 
(porogen) and free-radical initiator make up the remain¬ 
der of the polymerization solution. The organizatio nof 
pol ymerizable monomers by the temnlatels achieved 
eith er by covalent bonds and/or weak intermolecular 
fo rces, including electrostatic, hydrogen bonding and 
Ityc Trophobic interactions. T he resulting highly cross- 
linked insoluble network polymers are macroporous ma¬ 
terials 15-17 with ahigh internal surface area (250-500 mVg) 
and a broad distribution of large pores (>500 A). The high 
surface area and large pores are essential properties of the 
polymer in ensuring exposure (access) of a large fraction 
of the polymer mass to both solvent and reagents. 

WulfFs seminal work employed phenyl-a-D-manno- 
pyranoside as the template to organize two molecules 
ofp-vinyl phenyl boronic acid. The template and boronic 
acid molecules were covalently joined by ester linkages 
between the mannose hydroxyls and the boronic acid. A 
commodity monomer, divinyl benzene (DVB), was used 
as the crosslinker. Typical polymerization mixtures con¬ 
sisted of 3-5% template, technical grade (-50%) DVB 
and free-radical initiator (AIBN, 1%) in a solvent such as 
toluene (-1:1 by volume of monomers to solvent). 

) Wulff systematically optimized the performance of 

these imprinted polymers from studies of batch rebind¬ 
ing and from the chromatographic performance of 
imprinted polymers used as HPLC stationary phases. 
Methacrylate-based macroporous polymers were also 
introduced as a matrix for molecular imprinting. Arshady 

. j and Mosbach extended this technique by the use of non- 

covalent interactions for the organization of functional 
monomers by the imprinting molecule 18 . This greatly 
simplified the preparation of many imprinted polymers. 
Many of these developments have been summarized in 
reviews by Wulff 19 and Mosbach 20 . 

In the following sections we highlight some of the 
more recent developments in molecular imprinting. Note¬ 
worthy are the molecular specificity and degree of bind¬ 
ing that can be achieved by these imprinted polymers, 
and the emerging potential for applications of these 
materials. 

Custom chromatographic supports 

I Wulff s pioneering work was most graphically demon¬ 

strated in the area of chromatography. Imprinted polymers 



Fig. 1 Schematic of the formation of a macromolccular binding site from a linear 
polypeptide of approximately 300 amino acid residues . Protein folding positions 
functional groups (A. ■>, •> that are remote on the linear polypeptide to converge and 
define a binding sire. 



Fig. 2 Schematic of the molecular imprinting approach. A template molecule (T} is used 
to organize the polymerizable Junctional monomers prior to their incorporation into a 
macromolecular network copolymer with crosslinldng monomers. 


were used as HPLC stationary phases for the resolution 
of carbohydrate derivatives 21-24 . With the development 
of noncovalent imprinting, Mosbach and co-workers 
were able to prepare chiral stationary phases for the 
resolution of amino acid derivatives 25-28 . More recently, 
these principles have been extended to additional classes 
of molecules, and the basic concept of molecular im ¬ 
printing seems to have general applicability in separation 
science. 

Chiral stationary phases 

The resolution of synthetic pharmaceuticals is an ongoing 
problem for the drug industry. Molecular imprinting is a 
potential tool for the preparation of custom chromato¬ 
graphic supports for the separation of racemates. A re¬ 
cent example includes the direct enantioseparatiort of J3- 
blockers (Fig. 3a) using a chiral stationary phase (CSP) 
prepared by molecular imprinting 29 . 

Macroporous copolymers of ethyleneglycol dimeth- 
acrylate (EGDMA) and methacrylic acid (MAA), pre¬ 
pared with (-)-S-timolol (1) as the imprinting molecule, 
were employed as chiral stationary phases. Following 
extraction of the template with acetic acid, the 
chiral stationary phases were used for separation of 
racemic 1 by HPLC (Fig. 3b). The imprinted polymer 
stationary phases gave baseline separation of racemic 
timolol (/?, = 2.0). The structurally related racemic de¬ 
rivatives atenolol (2) and propranolol (3) were not separ¬ 
ated into their enantiomers nor were they retained on the 
column to any substantial degree. 
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Fig. 3 (a) P-fiiocten userf as imprinting molecules and as substrates for the preparation and evaluation of chiral stationary phases f CSPsi: 
2, f - j 5 .timolol imprinting molecule; 2, atenolol; 3, propranolol, (b) Schematic for the preparation of CSt's for the resolution of p-biockers. 



(b) 



Fig. 4 (a) Schematic of the formation of polymeric complements to adenine bases. 

(b) HPLC trace of a 5 cm X JO mm column packed with polymer tempiated with 
9-erh\ladenine 19-EAj. A mixture of adenine, thymine, guanine and cytosine was 
infected. Adenine elutes at 23 min: ait other nucleosides elute close to the void volume 
12 mini. Mobile phase; MeCN;AcOH:H.O in the ratio 92.5,3:2.3. 


Polymer complements to nucleosides 
Synthetic polymer complements to biologically import¬ 
ant nucleosides have been prepared using nucleotide 
bases as the imprinting molecules 30 . The molecular basis 
for the imprinting arises from the fact that adenine and its 
derivatives are known to form complexes with carboxylic 
acids. 9-Ethyladenine (9-EA) was employed as a tem¬ 
plate to organize polymerizable MAA monomers prior to 
their copolymerization (Fig. 4a). The comonomers (95%) 
consist of (V^V'“l > 3-phenylenebis(2-methyi-2-propen- 
amide) (PDBMP), EGDMA and methyl methacrylate (as 
a diluent monomer) in chloroform solution. Polym¬ 
erization was initiated photochemically at 12°C in the 
presence of AIBN. Control polymers with benzylamine 
replacing 9-EA were also prepared. 

The polymers were washed with chloroform to extract 
the template (9-EA), ground to 25-38 pm particle size, 
then loaded into HPLC columns. The 9-EA-imprinted 
column packing was found to have a strong affinity for 
adenine and its derivatives. The remaining purine and 
pyrimidine bases elute close to the void volume. A strik¬ 
ing illustration of the selectivity is given in Fig. 4b. An 
HPLC trace of a sample mixture of adenine (A), cytosine 
(C), guanine (G) and thymine (T) reveals C, G and T elute 
close to the void volume (~2 min at 1 ml/min flow) while 
adenine elutes in 23 min! In contrast, polymers made by 
replacing 9-EA with benzylamine show no affinity for 
the nucleoside bases: all elute between 1.6-2.0 min. 

The imprinted polymers have binding sites that have a 
distribution of affinities for the imprinting molecule. In 
this regard, imprinted polymers are similar to polyclonal 
antibodies and are amenable to the same methods of analy- 
sis. For examnle. assuimino T nnamnir-tvn^ -.ricnmimn 
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the Eadie-Scatchard plot from 9-EA-imprinted poly- The imprinted polymers were prepared by free-radical 
mere reveals a population of strong adenine binding copolymerization of MAA, EGDMA and the print mol- 
sites with an average association constant for adenine, ecule (4 or 5) in chloroform (Fig. 5b). 

AT.,, of 75000 m - 1 in chloroform. This value is comparable The imprinted polymers were used for a radiolabel 

to some of the best binding constants observed for ligand-binding assay for human serum. The diagnostic 

‘designed’ small-molecule receptors for adenine in relies on a material (i.e. antibody or imprinted polymer) 

chloroform 31 ” 33 . Molecular imprinting is being pursued with a strong molecular specificity for the drug in 

for development of sequence-specific absorbents for question. The material is mixed with radiolabeled auth- 

oligonucleotides and other biological macromolecules. entic drug and a sample of the serum analyte is then 

added. If the drug is present in the serum analyte, it will 
Drug assay using antibody mimics compete for binding sites with the radiolabeled drug. The 

Mosbacb and co-workers have utilized templated poly- amount of 'free' (unbound) radiolabeled drug will be 

mers to provide the molecular specificity for a serum inversely proportional to the concentration of drug in the 

assay of drug levels. Imprinted polymers made against serum. 

theophylline (4) and diazepam (valium, 5), two com- The analytical results using imprinted polymers 
monly prescribed therapeutic agents (Fig. 5a), showed were compared with an enzyme-multiplied immuno- 
strong binding and cross-reactivity profiles similar to assay (antibody) technique, and a direct linear correlation 
those of antibodies 34 , (slope = 0.99; correlation coefficient = 0.98) was found, 



Fig. 5 (a) Structures of molecules used in drug assay studies: 4, theophylline; S, diazepam; tf, 3-methyl.xanthinc, (b) Schematic for the 

+ *-*n - . - J.' --I......-r M.cf'.'WM* 
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The assay using imprinted polymers for theophylline 
(4) was linear over the range of 14 224pM, which is 
satisfactory for therapeutic monitoring of the drug. The 
detection limit for 4 was 3.5 pM. 

In the case of theophylline-imprinted polymers, 
the molecular specificity was extremely high. Only 
3-methylxanth3ne (6), a very similar derivative, gave a 
slight (7%) cross-reactivity. By comparison, the antibody 
for theophylline gives 2% cross-reactivity for 6. In all 
cases, the cross-reactivity, a measure of the molecular 
specificity of the imprinted polymer or antibody, was very 
similar. An analysis of the binding isotherms, assuming 
Langmuir-type adsorption, of theophylline-imprinted 
polymers revealed the imprinted polymers had popu¬ 
lations of both strong and weak binding sites (A', = 0.35 ± 
0.05 pM, = 65 ± 16 pM). This result is also con¬ 
sistent with the formation of a distribution of binding 
sites produced by template polymerization, with a frac¬ 
tion that have exceptionally high fidelity for the template 
(imprinting) molecule. 

Imprinted cavities as microreactors 

Imprinted cavities have been used as chiral microreaders 
for asymmetric cyclopropanation reactions 35 - 3 *, for con¬ 
trol of regiochemistry in photoinduced cycloadditions 37 , 
to hydrolyse esters 33 and to promote Schiff base complex 
formation 39 . 

Wulff and Vietmeier 40 prepared a number of chiral, 
polymerizable Schiff base templates to construct a chiral 
microreactor for the asymmetric synthesis of a-ami no 
acids. One system utilizes a template (7) with three points 


of covalent attachment to the polymer 8 (Fig. 6). Fol¬ 
lowing removal of the template (9), glycine (10), a 
prochiral substrate, is condensed at the binding site (11). 
Deprotonation with lithium diisopropylamide (LDA) in 
the presence of Cu 3+ or Ni 2+ ions, followed by addition 
of acetaldehyde then removal from the polymer, results 
in formation of a -3:1 ratio of diastereomeric aldol 
adducts (tbreo: alio, 12:13). The threo diaslereomer (12) 
was 35% enantiomerically enriched. The origin of the 
enantiomeric excess must arise from the chiral micro¬ 
environment of the anion derived from the Schiff base 
(11) which differentiates the enantiomeric transition 
states of the aldol reaction. This chiral microenvironment 
is presumably created by the chiral template during the 
polymerization reaction. This is the highest enantiomeric 
excess observed in a templated microreactor. It should be 
noted, however, that almost complete selectivity has been 
achieved for the aldol reaction under homogeneous reac¬ 
tion conditions 41 - 42 . 

Bystrdm el al. demonstrated regio- and stereochemi¬ 
cal control of the hydride reduction of keto steroids 14 
and 15 (Fig. 7a) by using shape-selective reagents incor¬ 
porated in molecularly imprinted cavities 43 . 

Functionalized cavities were prepared by free-radical 
copolymerization of template 16 with technical grade 
DVB. The macroporous material (18) was then treated 
with lithium aluminum hydride (LAH) in tetrahydrofuran 
(THF) to reductively cleave the template molecule 
(-50-60% splitting yield). The polymer reagent (19), an 
alkoxy aluminum hydride, was prepared by a second 
treatment with LAH. 
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Fig- 7 ( a ) Kota steroid structures, (b) Microreoctor for the control of regio- and stereochemisny in the hydride reduction ofketo steroids. 


When this imprinted polymeric reagent was used to influence the stereochemistry of the carbonyl reduction 
reduce diketone 14, exclusive reduction of the C-17 car- of 14 and 15 (ratio of a/[3 alcohols) in a manner consist- 
bonyl group was observed, resulting in a 70:30 stereoiso- ent with the disposition of the substrate and reducing 
meric mixture of keto alcohols 21(1 and 21a. The selec- agent in the imprinted cavity. 

tivity presumably arises because of the preferred Polymer morphology was found to play an important 
orientation of the substrate at the reactive site (20, Fig. 7b). role in the outcome as evidenced by the fact that the 

In contrast, the homogeneous reduction of 14 (with LAH stereo- and regioselectivity of the reduction were influ- 
in THF) gives exclusive C-3 carbonyl reduction (22a,P). enced by the swelling history of the polymer. Good 

Thus, the molecularly imprinted polymeric reagent com- swelling solvents and reuse of the templated polymer 
pletely reverses the homogeneous solution phase regio- reagents reduced the overall selectivity, 
chemistry of hydride reduction of diketone 14. In con¬ 
trast, imprinted polymeric reagents made with template Designed catalysts 

17, which should position the hydride closer to Molecular imprinting is ideally suited for the creation of 
C-3 carbonyl, show almost exclusive reduction of 14 to binding sites that incorporate organic functionality, This 
a stereoisomeric mixture of C-3 carbonyl reduction prod- approach can be applied to both the construction of 
ucts (22a,p). The imprinted polymers were also found to microreactors and ‘designed’ catalytic sites. 
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A recent example of a designed catalyst is illustrated 
in Fig. 8. The catdyst was targeted for the dehydrofluori- 
nation of 4-fluoro-4-p-mtrophenylbutanone (23) to pro¬ 
duce the a,p-unsaturated ketone 24 (Ref. 44). 

For catalytic activity it was necessary to create a bind¬ 
ing site for the substrate molecule 23 that positions a base 
in close proximity to the ct-hydrogert (circled) of the sub¬ 
strate arid a hydrogen-bonding interaction to orient the 
carbonyl oxygen. This was accomplished by employing 
a 1,3-dicarboxylic acid template (25) to organize two 
polymerizable amines prior to their copolymerization to 
produce functionalized polymer 27. 



Fig, 8 (a ) Target reaction for designed catalyst. (b) Designed catalyst for the 
dehydrofhiorinatioti of 23. (c) First-order plot of the dehydrofluorination of 23 under 
conditions of excess substrate to catalyst. The log of the ratio of the initial concentration 
of substrate 23 (S 0 ) to that at time l ) is plotted aga inst time. In the presence of 

fixridjne as a scavenger, catalyst 28 demonstrates seven turnovers after 23 h. /♦. 
templatedpolymer catalyst 28: •. control polymer 29: O, homogeneous reaction 
(2-aminoethyl acetamide}.] 


Following removal of the template add by base wash¬ 
ing, the resulting amine-functionalized network polymer 
(28) was found to catalyse the dehydrofluorination of 
fluoroketone 23. Control polymers, containing an equal 
number of amine functional groups but randomly dis¬ 
persed in the polymer (29), were found to be only slightly 
more effective than the homogeneous amine-catalysed 
reaction using 2-aminoethyl acetamide as base. 

In benzene solvent at 25°C, imprinted catalyst 28 is 7.5 
times more effective than the randomly functionalized 
polymer and 12-8 times more effective than the homo¬ 
geneous elimination reaction of 23 in the presence of 2- 
aminoethyl acetamide (Fig. 8). In the presence of excess 
substrate, the polymer catalyst exhibits saturauon behav¬ 
ior and follows Michaelis -Menten kinetics (K u — 27 mM, 
1.1 x 1CH min-'). The catalyst also responds to in¬ 
hibition by a substrate surrogate. 

By analogy to site-directed mutagenesis, molecular 
imprinting permits manipulation of functionality at the 
catalytic site by changing the template molecule. A 
dramatic example arises from comparison of the catalyst 
performance of imprinted polymers made with templates 
25 and 26 (Fig. 8). Only templates that possess the 1,3- 
dicarboxylic acid group (25) showed a catalytic rate faster 
than the control. Polymers made with 26, a template that 
misdirects one of the amine groups away from the a-pro- 
ton of the substrate, creates a catalyst no better than 
a polymer randomly functionalized with amines. The 
Mosbach group has also reported ‘designed’ catalysts that 
exhibit turnover for activated ester hydrolysis 43 and for 
the dehydrofluorination reaction 46 . 

The preceding demonstrates that templated polymers 
can be designed to function as catalysts. The approach 
permits introduction of known functional groups at the 
catalytic sire. The polymeric catalysts are compatible 
with organic solvents and are able to withstand harsh 
reaction conditions. These properties complement those 
of designed protein catalysts, such as catalytic anti¬ 
bodies 47 - 48 , which function best in an aqueous environ¬ 
ment at room temperature. 

Conclusion 

The examples discussed in this review serve to illustrate 
the current state of the art of molecular imprinting. The 
chromatographic results demonstrate that impressive sep¬ 
aration can be achieved, but low capacity and peak 
broadening are problems that remain to be solved before 
important commercial applications can be realized. 
Strong binding and catalytic sites can be realized by 
copolymerization of imprinting molecules in the presence 
of readily available crosslinking monomers. These 
macromolecular binding sites rival some of the best 
‘designed’ small-molecule synthetic receptors. The macro- 
porous polymeric materials are compatible with both 
aqueous and nonaqueous solvents and are extremely hardy. 
Because they are solids they can be utilized direedy as 
chromatographic supports and as heterogeneous catalysts. 
Despite the fact that imprinted polymers are amorph¬ 
ous insoluble materials, spectroscopic probes, including 
CP/M AS NMR and FTIR, have been developed to exam¬ 
ine binding at the molecular level of detail 30 . This infor¬ 
mation is necessary for understanding the origins of 
selectivity and for the design of second-generation ma¬ 
terials with enhanced selectivity and/or catalytic activity. 
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The recent developments in molecular imprinting have 
now begun to rival the great strides made in designed 
‘small-molecule’ receptors and protein-based catalysts. It 
is probable that applications of these materials in separ¬ 
ation science, sensor technology and medical diagnostics 
will be forthcoming in the near future. 
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